We propose and numerically analyze a broadband and high extinction ratio mode converter to achieve the mode conversion between the fundamental transverse electric mode (TE 0 ) and the first-order transverse magnetic mode (TM 1 ). The mode converter is achieved by using the tapered hybrid plasmonic waveguide which the metal is directly covered on the Si waveguide without a thin low-index layer. After optimizing the structure of the tapered hybrid plasmonic waveguide, a wide operation bandwidth of 100 nm is obtained with the extinction ratio of the TM 1 mode and TE 0 mode larger than 20 dB in the output Si waveguide for the forward propagation. And for the back propagation, the operation bandwidth over 65 nm is obtained with the extinction ratio larger than 20 dB in the output Si waveguide. The whole footprint of the mode converter is only 0.8 × 11 μm 2 . Fabrication tolerance analysis is also demonstrated.
Introduction
Silicon photonics have demonstrated the great potential in meeting the growing demands for the information transmission capacity, especially in the data centers and next generation communication networks [1] - [3] . As a novel way to improve the data transmission capacity in the photonic integrated circuits (PICs), mode division multiplexing (MDM) technology which can encode the separate data for each channel provided by the different spatial eigenmodes in the waveguide and multiplex the data in the multimode waveguide has attracted more and more attentions [4] , [5] . Mode converter is a key component in the MDM systems and it can manipulate the mode conversion between the different spatial eigenmodes [6] . Moreover, benefitting from the advanced fabrication technology which is compatible with the complementary metal-oxide-semiconductor (CMOS) process, the mode converter based on the silicon-on-insulator (SOI) platform has demonstrated many advantages in small footprint, easily design and low cost. Until now, many mode conversion devices have been demonstrated. The mode converter designed with different structures can be divided into the following categories according to the modes: (1) Conversion between the fundamental transverse mode with different polarization (such as TE 0 -to-TM 0 , TM 0 -to-TE 0 ) [7] - [9] . This conversion is also called the polarization rotation. For this category mode conversion, it is usually realized by the asymmetric cross section of the waveguide and the asymmetric coupler [10] , [11] . Especially, the hybrid plasmonic waveguide (HPW) with an asymmetric structure has been designed to realize the mode conversion [12] - [14] . (2) Conversion between the fundamental transverse mode and the high-order transverse mode with the same polarization (such as TE 0 -to-TE 1 , TE 0 -to-TE 2 ) [15] - [17] . This conversion is also called the mode-order conversion. The second category conversion has been reported with many different structures, such as the metasurface, photonic crystal and Mach-Zender interference [18] - [20] . The basic method of the conversion includes the phase matching, beam shaping and coherent scattering. (3) Conversion between the fundamental transverse mode and the high-order transverse mode with different polarization (such as TM 0 -to-TE 1 , TE 0 -to-TM 1 ) [21] - [23] . The third category conversion, however, has been less reported. In 2011, Dai et al. reported a tapered waveguide structure to realize the mode conversion from the TM 0 mode to the TE 1 mode [24] . The waveguide is used with the air cladding to break the vertical symmetry. The mode hybridization is appeared when the waveguide width is widen which leads to the mode conversion. Up to now, the most schemes for the TM 0 -to-TE 1 conversion are based on this tapered structure with different ways to break the vertical symmetry. But for the TE 0 -to-TM 1 conversion, the mode hybridization is hard to happen in the dielectric Si waveguide which the effective index of the TE 0 mode is far larger than that of the TM 1 mode. To our knowledge, there is no suitable scheme at present.
In this paper, we propose a mode converter to realize the TE 0 -to-TM 1 conversion with the large operation bandwidth and the high extinction ratio. The mode converter is based on the tapered hybrid plasmonic waveguide without a thin low-index layer. The whole length of the device is about 11 μm. The proposed mode converter can be supplied to the on-chip MDM systems of the PICs.
Structure and Design
For a hybrid plasmonic waveguide, a thin low-index layer is usually sandwiched between the Si waveguide and the metal. But the existence of the thin low-index layer will weaken the interaction between the input TE 0 mode light and the metal, and the mode conversion even can't be achieved. So here the hybrid plasmonic waveguide used only consists of a tapered metal layer on the Si waveguide and the hybrid plasmonic waveguide is surrounded by SiO 2 cladding, the schematic diagram of the hybrid plasmonic waveguide is shown in Fig. 1 . The inset is the cross section of the tapered hybrid plasmonic waveguide. The geometric parameters w 1 , w 2 , h and L are used to describe the metal structure. The thickness and width of the Si waveguide are decided as 340 nm . A finite-difference time-domain (FDTD) method is used to calculation and the mesh are set as x = y = z = 0.01 μm. For the forward propagation, the TE 0 mode is input from the wide metal end and converted into the TM 1 mode. For the back propagation, the TM 1 mode is input from the narrow metal end and converted into the TE 0 mode.
To further understand the process of the mode conversion, Fig. 2 (a) displays the electric field distributions in the hybrid plasmonic waveguide for the forward propagation. As the width of the metal narrows, it can be found that the input TE 0 mode is gradually converted into the TM 1 mode. Through the electric field distributions in the cross section at the corresponding positions shown in Fig. 2(b) -(e), the input TE 0 mode in the dielectric waveguide (DW) is firstly coupled into the TE 0 mode in the hybrid plasmonic waveguide (see Fig. 2(b) ), then due to the tip effect of the two corners between the metal and the Si waveguide, it begins to become the hybrid mode (see Fig. 2(c) ). Next it is further converted into the hybrid mode which is similar to the TM 1 mode near the end of the metal (see Fig. 2(d) ). Finally it is coupled out as the TM 1 mode in the dielectric Si waveguide (see Fig. 2(e) ). In the process of the mode conversion, the metal absorption loss and the reflection loss are the main loss affecting the device performances. To improve the mode conversion efficiency, the geometric parameters of the metal should be optimized.
To reduce the reflection loss, the input TE 0 mode in the dielectric Si waveguide should be coupled into the TE 0 mode in the hybrid plasmonic waveguide as far as possible. Here, the power coupling ratio η is used to describe the power coupling between the TE 0 mode in the dielectric Si waveguide and the TE 0 mode in the hybrid plasmonic waveguide. The power coupling ratio is defined as follows [26] :
Where E D W , H D W are the mode profiles in the dielectric Si waveguide and E H PW , H H PW are the mode profiles in the hybrid plasmonic waveguide. The mode profiles for the TE 0 mode in the dielectric Si waveguide and the hybrid plasmonic waveguide can be obtained by using the finite difference eigenmode (FDE) method. Fig. 3 shows the results of the power coupling ratio as a function of the metal width w 2 with different metal thicknesses. In the range of small metal width w 2 , the smaller metal width w 2 can lead to the smaller power coupling ratio because of the large mode mismatch resulting from the effects of the surface plasmon polaritons. In the range of large width w 2 , such as 0.56 μm ∼ 0.8 μm, the power coupling ratio has a small variation around the value of 0.94. Besides, the impact of the metal thickness on the power coupling ratio can be basically negligible, especially in the range of large metal width w 2 . But it should be noted that the metal thickness has an important influence in the mode conversion efficiency when the light is propagated in the hybrid plasmonic waveguide. Here the metal width w 2 is chosen as 0.7 μm. And the metal thickness should be further optimized next. The tapered structure of the metal plays an important role on the mode conversion. To study the dependence of the mode conversion efficiency on the tapered structure, the transmissivity of the TM 1 mode and TE 0 mode with sweeping the metal width w 1 and the metal length L are demonstrated in Fig. 4 (a) and (b). To evaluate the device performances of the proposed mode converter, the insertion loss and the extinction ratio are calculated in Fig. 4 
(c) and (d). Here the insertion loss (IL) and extinction ratio (ER) are defined as follows:
Where T total , T TM 1 and T TE 0 are the transmissivity of the total input light, the TM 1 mode and the TE 0 mode in the output Si waveguide, respectively. In general, the larger metal width w 1 will lead to the smaller transmissivity of the TM 1 mode and the larger transmissivity of the TE 0 mode. In addition, the insertion loss is increased with the increasing of the metal length L. To obtain a high extinction ratio and a low insertion loss of the mode converter, the metal width w 1 and the metal length L are chosen as 0.16 μm and 11 μm, marking in Fig. 4(d) , in which the extinction ratio is 24.1 dB and the insertion loss is 4.0 dB. Although there are some areas that the extinction ratio is larger than 24.1 dB, the insertion loss is also much larger than 4.0 dB which indicates a very low transmissivity of the input light. Besides, the metal length is also up to 20 μm and the large footprint is bad for the integration. Fig. 5 displays the transmissivity of the TM 1 mode and TE 0 mode with different metal thicknesses. The impact of the metal thickness on the transmissivity of the TM 1 mode can be negligible. However, the transmissivity of the TE 0 mode is first decreased and then increased with the increasing the metal thickness. Here, the metal thickness is chosen as 70 nm which the transmissivity of the TE 0 mode is −39.5 dB and the extinction ratio is up to 35.1 dB. Fig. 6(a) displays the spectral response of the transmissivity of the TM 1 mode and TE 0 mode in the output Si waveguide when the TE 0 mode is launched from the forward direction. The calculated wavelength range is from 1.46 μm to 1.625 μm covering the whole S, C and L band. An ultra-wide operation bandwidth from 1.5 μm to 1.6 μm is achieved with the extinction ratio larger than 20 dB. Moreover, at the wavelength of 1.55 μm, the transmissivity of the TM 1 mode is −4.4 dB and that of the TE 0 mode is −39.5 dB. The total insertion loss is only 4.2 dB. These results indicate that the proposed mode converter has good performances in mode conversion from TE 0 mode to TM 1 mode. Considering the back-propagation of the light, the spectral response is also calculated when the TM 1 mode is launched from the back direction and converted into the TE 0 mode, shown as in Fig. 6(b) . It can be found that an operation bandwidth from 1.47 μm to 1.535 μm is also achieved with the extinction ratio larger than 20 dB. But the position of the peak value of the extinction ratio is obviously deviated from 1.55 μm. At the wavelength of 1.55 μm, the transmissivity of the TM 1 Table 1. According to  Table 1 , the main disadvantage of our proposed mode converter is the large insertion loss due to the absorption loss of the metal, the main advantage of our mode converter is the wide bandwidth and the function of realizing the mode conversion from the TE 0 mode to the TM 1 mode.
Results and Discussions
The structure parameters of the metal have an important impact on the device performances. Considering the fabrication errors, the tolerance analysis on the transmissivity of the TM 1 mode and TE 0 mode is demonstrated when the TE 0 mode is launched from the forward direction, shown as in Fig. 7 . On the whole, the impact of the fabrication errors on the transmissivity of the TM 1 mode can be negligible. The main source of the device performances degradation is the deviation of the metal width w 1 . And the transmissivity of the TE 0 mode with other parameters deviation almost keeps in stable. In Fig. 7(b) , at the wavelength of 1.55 μm, the transmissivity of the TE 0 mode is even getting smaller with a +10 nm deviation of the metal width w 2 which indicates the device performances are getting better. The results show that the device performances can be further improved by balancing the power coupling ratio and the transmissivity of the TE 0 mode. In Fig. 7(d) , considering the difficulty in accurate controlling the device length in the fabrication process, the transmissivity of the TM 1 mode and TE 0 mode with a ±50 nm deviation of the metal length L is calculated. For the transmissivity of the TE 0 mode with a +50 nm deviation, the position of the peak value is blue shifted and the peak value is getting smaller. It indicates the peak value of the extinction ratio can be further improved. In Fig. 7(e) , the impact of the deviation from the center of the waveguide is also considered. It should be noted that the +10 nm deviation and the −10 nm deviation is the same due to the symmetry of the waveguide.
Conclusions
In summary, we have demonstrated a mode converter to achieve the mode conversion between the TE 0 mode and TM 1 mode by using the tapered hybrid plasmonic waveguide. With only 11 μm device length, an ultra-wide operation bandwidth of 100 nm is obtained with the extinction ratio of the TM 1 mode and TE 0 mode larger than 20 dB for the TE 0 -to-TM 1 conversion. And for the TM 1 -to-TE 0 conversion, when the light is input in the back direction, the operation bandwidth over 65 nm is obtained with the extinction ratio larger than 20 dB. The fabrication tolerance analysis also shows the mode converter has an acceptable fabrication error robustness. Although the waveguide with the thickness of 340 nm is used to analyze, waveguides with other thicknesses can also be applied in the mode converter. But the structure parameters should be re-optimized individually. In addition, other metals, such as Ag, can also be used. The deficiency of the mode converter is the relatively large insertion loss due to use the hybrid plasmonic waveguide without a thin low-index layer. We hope the mode converter can promote the development in the on-chip MDM systems of the PICs.
